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Characterisation and Energy Valorisation Trials of Septic Tank Sludge from Urban Areas in Benin, West Africa



Abstract
Introduction: Population growth is accompanied by a significant increase in waste production of all kinds, including that from latrines, which raises serious health and environmental issues. Furthermore, in today’s energy-intensive lifestyle, the exploration and utilisation of new renewable, sustainable, and environmentally friendly energy sources is imperative. 
Aims: This study aims to explore the potential for energy recovery (biogas) from septic tank sludge in Benin. 
Place  and  Duration  of  Study: Liquid sludge samples were collected from 29 May to 2 June 2023 at the Sludge Treatment Station (STS) in Adjagbo, within the commune of Abomey-Calavi.
Methodology: Sludge is subjected to anaerobic co-digestion with simple fruit waste and in the presence of iron filings. The process lasted between 17 and 24 days, depending on the composition of the digester. 
Results: The raw biogas obtained comprises methane and carbon dioxide in proportions ranging from 55.2% to 65.3% and 34.7% to 44.8% for simple co-digestion, respectively, and between 60.82% and 71.35% and 28.65% to 39.18% in the presence of iron filings.
 The results demonstrated the effectiveness of iron filings in biogas production and a reduction in process duration during co-digestion compared to simple digestion of fruit waste. 
Conclusion: This study provides avenues for exploring the valorisation of sludge into renewable energy and considers the use of biodigesters in households as an alternative to conventional septic tanks. The results of this study provide valuable insights to guide effective sludge waste management practices in Benin.
Keywords: Sludge, anaerobic co-digestion, biogas, valorisation, Benin.



1. Introduction
Rapid urbanisation and population growth in developing countries have led to a significant increase in the generation of wastewater and faecal sludge. This demographic increase has resulted in a substantial rise in waste production, with household waste contributing notably to health and environmental problems (Guengant and May, 2011; Gashaw, 2014). Among these wastes, septic tank sludge stands out as a neglected aspect of urban sanitation, posing a considerable challenge for management. This environmental issue concerns all stakeholders within the community. According to research conducted by Topanou et al. in 2024, septic tanks and latrines in the commune of Abomey-Calavi (Benin) are often emptied only when completely full, subsequently emitting foul-smelling gaseous products (Topanou et al., 2024). The organic matter settling in the tank undergoes biological transformation through anaerobic processes (liquefaction, acidogenesis, acetogenesis, and methanogenesis), during which numerous reduced compounds dissolve in the liquid phase, releasing volatile compounds, notably carbon dioxide and methane (Jean-Pierre et al., 2009). Furthermore, the release of large quantities of carbon dioxide and methane potent greenhouse gases into the environment during the decomposition of these wastes significantly contributes to global warming. In today’s energy-intensive lifestyle, the exploration of new renewable and sustainable energy sources is essential.
 By 2040, the world is projected to have a population of 9 to 10 billion, necessitating adequate energy and material provision. The majority of residents in developing countries lack regular access to advanced energy forms, such as electricity, and thus rely heavily on solid fuels, such as firewood, to meet basic energy needs such as cooking and lighting. Environmental, regulatory, and societal considerations have led to the emergence of the idea that all types of waste should be viewed as a resource to be exploited. According to d’Arras, waste should be utilised to its fullest potential; thus, its valorisation is not only beneficial but necessary (d’Arras, 2008; Sefouhi et al., 2010). Consequently, it is feasible to transform waste into a genuine secondary raw material. Establishing such a virtuous cycle is a demanding yet modern objective, providing a sustainable alternative to waste management challenges (Bensmail and Touzi, 2012; Ignace et al., 2016). Managing, optimising, and valorising waste have become commitments to the future (d’Arras, 2008).
Moreover, numerous studies indicate that poor management of septic tank sludge and other types of waste is responsible for various nuisances, including aesthetic and olfactory issues, and the increasing detection of groundwater contamination has prompted the development of the concept of aquifer vulnerability to pollution (Alraggad et al., 2012; Singh et al., 2020, Poromna et al., 2022). Benin, a West African country with a population exceeding thirteen million in 2023, is not exempt from these challenges (INSAE, 2023). However, well-structured management of septic tank sludge can lead to the production of bioenergy and agricultural fertilisers. Acknowledging the significant role of the energy sector whose primary challenge is to ensure an energy transition for sustainable economic and social development alongside waste management to protect the environment from climate change, this study aims to contribute to improved management of septic tank sludge through energy valorisation via anaerobic co-digestion (d’Arras, 2008; Lo et al., 2020; Topanou et al., 2021).

2. Materials and Methods
2.1. Sample Collection of Sludge and Fruit Waste
Liquid faecal sludge samples were collected from 29 May to 2 June 2023 at the Faecal Sludge Treatment Plant (FSTP) in Adjagbo, within the commune of Abomey-Calavi. The samples were collected in 25 L plastic containers that had been thoroughly washed with detergent, rinsed several times with distilled water, and air-dried prior to sampling. To obtain a sufficiently representative sample, collection was carried out during the discharge of the desludging trucks in three phases: one at the beginning, one after half of the tanker’s contents had been emptied, and one at the end. 
During each sampling campaign, collections were conducted from Monday to Friday, meaning that sludge discharged on each weekday was sampled. To facilitate handling, each sample was labelled according to the order of collection. Fiften (15) samples were obtained over a period of three months. This sample size has been chosen since the it is a pilot study.
All the sludge samples originated from a mixture of septic tank and latrine sludge. The collected sludge was immediately transported to the laboratory and stored under refrigerated conditions.
The fruit waste, collected from two fruit vendors in the city of Abomey-Calavi, consisted mainly of papayas and cabbages.
2.2. Analytical Methods
The pH of the samples was measured in situ using a HACH model HQ4300 pH meter. Organic matter and organic carbon were determined by incinerating the dried sludge in an electric oven at 400°C, following the NF EN 15935 standard. Total nitrogen was measured after oxidising nitrogen compounds into nitrogen oxides at high temperatures, in accordance with the NF EN 12260 (T 90-060) standard (Rodier et al., 2009).
2.3. Description of Equipment Used
The digesters employed in this study are cylindrical polyethylene containers with a capacity of 5000 ml. Two distinct setups were created for each sample: the first was used to quantify the raw biogas (CO2, CH4, and other trace gases) for each sample. It consisted of three transparent polyethylene vessels, the first being a 5000 ml hermetically sealed container with a stopper, and the other two being 1-litre vessels containing a hydrochloric acid solution at a pH close to 2 (to prevent the absorption of carbon dioxide and other gases) and distilled water, respectively. The latter was used to monitor biogas production. To maintain the digester temperature within the optimal range (33-45°C), the digester was submerged in a water bath, which housed an electric heater to raise the temperature. The biogas measurement system included a graduated measuring cylinder, where the displacement of water corresponded to the volume of gas produced. The entire setup is illustrated in Figure 1.
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[bookmark: _Toc194524867]Figure 1 : Biogas production and quantification system
The second setup was designed for the quantification of methane. In this configuration, the objective is to directly measure the volume of methane produced. To achieve this, the previous vessel was replaced with another that facilitates the absorption of undesirable gases such as carbon dioxide (CO₂) and hydrogen sulphide (H₂S). The CO₂ and H₂S absorption system consists of a hermetically sealed bottle containing a molar solution of sodium hydroxide or potassium hydroxide at a pH close to 12 (see Figure 2).
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[bookmark: _Toc194524905]Figure 2: Methane Production System[image: ]
[bookmark: _Toc193852459]Photo 1: Close-up view of the anaerobic conditions of the experiment (©Agbatchi, November 2023)
2.4. Filling the Digester
After reducing the fruit waste into small particles, the samples were weighed. The resulting samples were introduced into the reactors as follows: the control reactor (R0) was filled with a mixture (M0) consisting of 2683±3 g of fresh fruit waste only. For each septic tank sludge sample, a mixture (M1) was prepared, comprising 2683±3 g of fruit waste mixed with 805 ml of septic tank sludge in a ratio of 77% fruit waste to 23% sludge (Ukondalemba et al., 2016). This mixture was introduced into four different reactors: two contained only the mixture M1 (one for quantifying the raw biogas produced and the other for methane), while the other two were filled with a mixture (M2) consisting of M1 plus an additional 1 g of iron filings.
In total, four (04) digesters were established for each septic tank sludge sample, along with two controls, resulting in twenty-two (22) digesters overall.
To create optimal anaerobic conditions, the mixture was adjusted to an alkaline pH (between 6.8 and 7.2), after which 1 litre of demineralised water was added to fully immerse the waste in each vessel. The mixture was gently agitated to ensure good contact between the bacteria and the waste. Each vessel was then connected to its respective apparatus.
2.5. Monitored Parameters
Prior to the anaerobic digestion process, parameters such as pH, temperature, volatile fatty acids, and total alkalinity were determined and monitored throughout the biogas production process in each vessel.
The pH was maintained in an alkaline range (6.8 - 7.2) prior to initiating biogas production. The temperature was elevated to between 33°C and 40°C and maintained within this range for the entire duration of the biogas production operation. Volatile fatty acids and total alkalinity were determined using pH-metric titration with a 0.1N hydrochloric acid solution, following the method developed by Nordmann W (Mézes et al., 2011).

3. [bookmark: _GoBack]Results and Discussion
3.1. Characterisation of Faecal Sludge
Table 1 presents the physicochemical characteristics of the collected faecal sludge.
Analysis of the table reveals that the temperature of the faecal sludge ranges between 26.6 and 28.3°C. The pH values lie between 7.33 and 8.53, with an average of 8.22, indicating that the samples are generally alkaline (pH > 7), albeit tending towards neutrality.
The concentrations of total nitrogen (TN), total organic carbon (TOC), and organic matter (OM) range from 4840 to 5930 mg.L⁻¹, 170.4 to 660.0 mg.L⁻¹, and 306.3 to 1188.0 mg.L⁻¹, respectively. Additionally, the chemical oxygen demand (COD) and the five-day biochemical oxygen demand (BOD₅) show mean values of 18,730 mgO₂.L⁻¹ and 6612 mgO₂.L⁻¹, respectively.
Table 1: Physicochemical characterization of faecal sludge
	
	B1
	B2
	B3
	B4
	B5
	Mean

	COD (mgO2.L-1)
	2448
	17760
	22560
	23520
	27360
	18729,60

	pH
	8,53
	8,37
	8,52
	7,33
	8,37
	8,22

	Temp (°C)
	28,3
	27,3
	28,1
	26,6
	27,5
	27,56

	   NT (mg.L-1)
	4940
	5780
	4840
	5460
	5930
	5390,00

	  OC (mg.L-1)
	170
	340
	200
	540
	660
	382,00

	   OM (mg.L-1)
	306
	612
	360
	972
	1188
	687,60

	BOD5 (mgO2.L-1)
	4394
	12906
	6654
	7824
	1280
	6611,60

	C/N
	0,03
	0,06
	0,04
	0,10
	0,11
	0,07

	COD/BOD5
	0,56
	1,38
	3,39
	3,01
	21,38
	2,83



3.2. Co-Digestion of Faecal Sludge
Preparation of Co-Digestion Mixtures
Given the low carbon content of the faecal sludge, as evidenced by a carbon-to-nitrogen (C/N) ratio of 0.07 far below the optimal range for anaerobic digestion (typically between 20 and 30) the sludge was subjected exclusively to co-digestion, using mixtures M1 and M2. Fruit waste was employed due to its high carbon content, and iron filings were added as electron donors to facilitate the oxidation of sulphides, which are malodorous gases potentially emitted during the digestion process.
Operation of Digesters
Figure 3 illustrates the variations in the mean concentrations of volatile fatty acids (VFA), bicarbonates (TAC), and pH in all digesters during biogas production.
Analysis of these figures shows that during anaerobic digestion, an increase in VFAs (Figure 3a) corresponds with a decrease in both pH and total alkalinity (TAC) (Figures 3b and 3c). The pH is particularly sensitive to changes in TAC (specifically bicarbonate content) as well as to VFA concentrations.
Overall, the digesters exhibited similar performance patterns. However, the pH (Figure 3c) and TAC (Figure 3b) in the digesters with iron-enhanced anaerobic co-digestion followed a consistently decreasing trend. In contrast, in the control digester, both pH (Figure 3c) and TAC (Figure 3b) experienced a slight increase between day 4 and day 7, accompanied by a marginal rise in VFA concentration. In the iron-enhanced co-digestion digesters, a minor increase in TAC was also observed between day 4 and day 7 (Figure 3b), while the pH remained relatively decreasing throughout the digestion process (Figure 3c).
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Figure 3: Evolution of Volatile Fatty Acids (VFA), Total Alkalinity (TAC), and pH during the Anaerobic Co-Digestion Process
3.3. Biogas Quantification
The ultimate aim of an anaerobic digestion process is the production of biogas. The cumulative biogas output from each digester is shown in Figure 4. It can be observed that biogas production in reactors B1, B2, and B4 is relatively low compared to the output of the control digester (Figure 4a). Additionally, the quantities of biogas generated in digesters B3 and B5 are nearly equivalent to those produced by the control digester.
Moreover, biogas production reached its peak more rapidly between the 17th and 24th day in digesters containing a mixture of faecal sludge and fruit waste. In contrast, the control digester only attained its maximum biogas yield on the 32nd day of the process (Figure 4a).
Furthermore, the data indicate that the presence of iron in the digesters enhanced biogas production across all systems, with the exception of digester B5, where output declined. Specifically, biogas production increased from 27,110 mL to 35,392 mL in the control digester, from 15,943 mL to 29,854 mL in digester B1, from 16,139 mL to 22,227 mL in digester B2, from 26,392 mL to 27,438 mL in digester B3, and from 13,553 mL to 43,937 mL in digester B4. Conversely, production in digester B5 fell from 27,438 mL to 18,207 mL (see Figures 4b and 4c).
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Figure 4: Cumulative Production of Raw Biogas for Simple Anaerobic Co-Digestion (a), Co-Digestion in the Presence of Iron (b), and the Effect of Iron Filings on the Process.
3.4. Quantification of Biogas Production
The primary objective of the anaerobic digestion process is biogas generation. The cumulative biogas production from each digester is shown in Figure 4. It can be observed that biogas output from digesters B1, B2, and B4 was significantly lower than that from the control digester (Figure 4a). Meanwhile, the volumes of biogas produced in digesters B3 and B5 were nearly equivalent to those observed in the control.
Furthermore, biogas production in digesters containing a mixture of faecal sludge and fruit waste reached its peak more rapidly, between the 17th and 24th day, whereas the control digester attained its maximum biogas production on the 32nd day of the process (Figure 4a).
The presence of iron in the digesters generally enhanced biogas production across all units, with the exception of digester B5, where production declined. Specifically, biogas production increased from 27,110 mL to 35,392 mL in the control digester, from 15,943 mL to 29,854 mL in digester B1, from 16,139 mL to 22,227 mL in digester B2, from 26,392 mL to 27,438 mL in digester B3, and from 13,553 mL to 43,937 mL in digester B4. However, in digester B5, production fell from 27,438 mL to 18,207 mL (see Figures 4b and 4c).
The quantity of biogas generated in digester B4 surpassed that of all other reactors: by 14,083 mL compared to B1, 21,710 mL compared to B2, 16,499 mL compared to B3, and 25,730 mL compared to B5. It also exceeded the output of the control digester by 8,545 mL (Figure 4b). In contrast, biogas production in digester B5 was lower in the presence of iron than in its absence.
Figure 5 presents the cumulative production of biogas purified using KOH.
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Figure 5: Cumulative production of KOH-purified biogas from standard anaerobic co-digestion (a), co-digestion with iron (b), and the effect of iron filings on the process (c).
This figure shows that the highest quantity of purified biogas was collected from the control digester over a 33-day period. Digesters B3 and B5 also yielded significant quantities of purified biogas over 25 and 23 days, respectively (Figure 5a).
Digesters B1, B2, and B4 produced relatively low volumes of purified biogas and over a shorter period, approximately 22 days. Moreover, in the presence of iron (Figure 5b), the control digester exhibited lower levels of purified biogas compared to the other digesters, with the highest production recorded in digester B4. This indicates a shift in the trend of purified biogas production under anaerobic co-digestion conditions.
It is also worth noting that in digesters B1, B2, B3, and B4, the inclusion of iron filings led to greater biogas production compared to when they were absent (Figure 5c).
In contrast, digester B5 exhibited a decline in biogas production when iron filings were introduced, relative to the standard co-digestion scenario without iron.
3.5. Composition of the Biogas
Figure 6 presents the composition of biogas in terms of methane and carbon dioxide under two conditions: anaerobic co-digestion without iron filings (mixture M1) and anaerobic co-digestion with iron filings (mixture M2).
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Figure 6: Composition of Biogas

3.6. Biogas Composition
Analysis of this figure reveals that the biogas produced through anaerobic co-digestion in the absence of iron comprises methane in proportions ranging from 55.2% to 65.3%, and carbon dioxide accounting for between 34.7% and 44.8%. In contrast, in the presence of iron filings, the methane concentration increases to between 60.82% and 71.35%, while the carbon dioxide content ranges from 28.65% to 39.18%. This demonstrates an increase in methane proportion and a corresponding reduction in carbon dioxide levels when iron is introduced into the anaerobic co-digestion process. These findings underscore the beneficial role of iron filings in enhancing biogas production during anaerobic digestion or co-digestion.
4. Discussion
4.1. Characterisation of Faecal Sludge
The pH of the collected faecal sludge ranged from 7.33 to 8.53, with a mean value of 8.22. Higher temperatures have been reported by other authors, including Koné et al. in Ouagadougou (Burkina Faso) at 31.82°C, and Irotori et al. in Cotonou (Benin) at 30.93°C (Irotori et al., 2022; Kone et al., 2017). Nevertheless, similar pH values have been documented in sludge from septic tanks and latrines in the Ouémé Delta basin (Benin) (Irotori et al., 2022), in Abidjan (Côte d’Ivoire) (Soro et al., 2020), in Aného (Togo) (Poromna et al., 2020), and at drying beds in Zagtouli, Ouagadougou (Kone et al., 2017).
According to Koné et al., a pH between 5 and 9 supports the development of a broad range of microorganisms essential for sludge purification (Kone et al., 2017). The measured concentrations of total nitrogen (TN), organic carbon (OC), and organic matter (OM) confirm the presence of biodegradable material in the sludge. However, the C/N ratio of 0.07 is significantly below the optimal range (20–30 (Gashaw, 2014; Khalid et al., 2011), or 25–35 (Charnay, 2005) required for effective biological treatment. The COD/BOD₅ ratio of 2.83 further confirms the high proportion of biodegradable content (Kradolfer et al., 2013), consistent with observations in Abidjan, Ouagadougou, and Togo (Kone et al., 2017; Poromna et al., 2020; Soro et al., 2020). Therefore, biological treatment is not favourable for these sludge samples, likely due to their prolonged retention time in septic tanks (Topanou et al., 2024).
4.2. Digester Performance
The observed variations in pH, alkalinity (TAC), and volatile fatty acids (VFA) (Figure 3) may be attributed to disruptions in microbial activity, potentially caused by inhibitory compounds such as hydrogen sulphide (H₂S), and the manual regulation of temperature. Similar pH, TAC, and VFA trends were reported by Ukondalemba et al. (2016) during biogas production from faecal sludge mixed with fermentable household waste in Kinshasa (Ukondalemba et al., 2016).
4.3. Biogas Quantification
The notably higher biogas yield observed in digester B4 compared to B1, B2, B3, and the control digester may be explained by iron’s interaction with inhibitory substances such as ammoniacal nitrogen, hydrogen sulphide, hydrogen gas, and volatile fatty acids (Simon Poirier, 2016). These compounds can hinder anaerobic digestion, and their neutralisation through iron enhances biogas output.
Iron plays a regulatory role in maintaining optimal pH conditions, which in turn promotes methane production. Agani et al. (2016) observed that iron also reduces microbial inhibitors, including hydrogen sulphide, a major contributor to foul odours in sludge (Agani et al., 2016), as described by reaction (1) :

The varying biogas quantities across digesters may be due to excessive sulphur compounds (>30 mg/Nm³) (Gasquet, 2021), which precipitate iron as FeS (reaction 1), reducing its bioavailability, or due to iron toxicity that inhibits microbial activity (Liu et al., 2024). Additionally, the variability in purified biogas quantities can be linked to differing levels of carbon dioxide generated in each digester.
The reversal in purified biogas output between co-digestion digesters and the control may be attributed to lower carbon dioxide production in the co-digestion digesters. Removal of CO₂ via potassium hydroxide results in higher purified biogas yields in co-digestion systems, and a decline in the control.
Improved biogas production in the presence of iron filings has been corroborated by several studies, including Agani et al., (2016) on fresh faecal sludge, and Zhang et al., (2014) on activated sludge.
As noted by Togbe, (2009), dihydrogen produced through the reaction of iron filings with H₂S may also reduce CO₂ under certain conditions via reaction (2). Furthermore, excess iron filings may directly react with CO₂, thereby increasing methane production and reducing carbon dioxide content (reaction 3) :


The observed decrease in biogas production in digester B5 in the presence of iron filings, compared to co-digestion without iron, could stem from insufficient iron, excessive sulphur compounds, or microbial inhibition caused by iron overload.
4.4. Biogas Composition
The methane and carbon dioxide proportions in the produced biogas are slightly lower than those reported by Ukondalemba 70% for anaerobic digestion and 75% for co-digestion (Ukondalemba et al., 2016) but comparable to results from Agani et al., who found methane concentrations ranging from 58% to 77.6%, and CO₂ from 22.4% to 42% in the presence of iron filings during anaerobic digestion of fresh faecal sludge (Agani et al., 2016). Variations in substrate quality may account for these discrepancies.

5. Conclusion
In conclusion, the faecal sludge from the Adjagbo treatment plant holds significant potential for both energy and agricultural valorisation. From an energy perspective, given the low C/N ratio, anaerobic co-digestion with green waste whether or not supplemented with iron filings is essential to enhance carbon content. This approach has proven highly effective, not only in boosting biogas production but also in increasing methane yield due to the electron-donating properties of iron filings.
Additionally, co-digestion with fruit waste shortens the digestion duration to approximately 23 days, compared to 32 days for fruit waste digestion alone. This study provides a reliable evidence base for policymakers and stakeholders in the sanitation and waste-to-energy sectors to guide sustainable faecal sludge and organic waste management through renewable energy generation.
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